Introduction {#s1}
============

Atrial fibrillation (AF) is the leading sustained arrhythmia that frequently precipitates other severe cardiovascular outcomes ([@c50]). In particular, AF increases the risk of stroke 5-fold ([@c96]). Complications from AF-related strokes place an enormous burden on health care systems, such as longer hospitalizations, greater disability and cognitive decline, and higher mortality ([@c47]; [@c59]; [@c70]; [@c91]). In Canada, for example, AF patients who later developed a stroke incurred the highest long-term health care costs in comparison with other major cardiovascular comorbidities ([@c82]). Recent studies suggest that the economic burden of AF placed on health care systems is increasing, given the upward trajectory in terms of prevalence and incidence of AF worldwide ([@c20]; [@c21]; [@c48]). In the past two decades, the global incidence of AF has increased from 141.0 to 181.2 per 100,000 person-years among adult males and from 102.0 to 139.7 among females ([@c20]). Thus, the prevention of AF, a potentially preventable stroke precursor, by identifying its modifiable risk factors is an important public health priority ([@c83]).

Ambient air pollution has been increasingly recognized as an important risk factor for cardiovascular morbidity and mortality ([@c9]). Mechanistic studies have consistently linked air pollution exposure to adverse responses in the cardiovascular system, such as oxidative stress and systemic inflammation, endothelial and vascular dysfunction, and autonomic imbalance ([@c9]). Evidence from epidemiological ([@c61]), animal ([@c17]; [@c22]), and panel studies ([@c63]; [@c72]) have also shown reduced heart rate variability and changes in sympathetic and parasympathetic tone from exposures to air pollution. However, epidemiological evidence supporting this hypothesis is limited for AF. To date, in only two studies were the associations between chronic exposure to air pollution and the incidence of AF investigated. A Danish study reported an association between the incident AF and nitrogen dioxide (${NO}_{2}$), and a Swedish study did not report any association with particulate matter (PM) having aerodynamic diameters less than $2.5\;\mu m$ and $10\;\mu m$ (${PM}_{2.5}$ and ${PM}_{10}$, respectively) ([@c52]; [@c79]). These findings raise questions about the potential impact of air pollution on AF onset.

In comparison with AF, more epidemiological studies on the association between air pollution and incident stroke have been conducted. A recent review of cohort studies of PM and incident stroke showed a positive association with long-term exposure to ${PM}_{2.5}$ ([@c69]). A positive association between ${NO}_{2}$ and incident stroke has been reported in two studies ([@c1]; [@c35]), but not in others ([@c2]; [@c56], [@c57]; [@c76]). Furthermore, most of these previous epidemiological studies considered only a linear association between air pollution and stroke incidence, and thus the shape of the pollutant--disease relationship remains unclear. A more accurate characterization of the pollutant--disease relationship may have important implications for health impact assessment.

In the present study, we estimated the associations between 5-y past exposures to ambient ${PM}_{2.5}$, ${NO}_{2}$, $O_{3}$, and the combined atmospheric oxidant capacity of ${NO}_{2}$ and $O_{3}$ (referred to as $O_{x}$) and the incidence of AF and stroke in a large population-based cohort in Ontario, Canada, where air pollution levels are among the lowest in the world. We also characterized the pollutant--disease relationship for stroke and AF in association with these four pollutants.

Methods {#s2}
=======

Study Design and Participants {#s2.1}
-----------------------------

The present analysis used the population-based, retrospective Ontario Population Health and Environment Cohort (ONPHEC). We have previously described this cohort in detail ([@c19]). Briefly, ONPHEC comprises all long-term residents of Ontario (i.e., resided in Ontario for five or more years), age 35 y or older, and registered with the Ontario Health Insurance Plan as of 1 April 1996. This cohort was created by linking various health administrative databases at ICES using unique identifiers. Use of the data for this project was authorized under section 45 of Ontario's Personal Health Information Protection Act, which does not require review by a research ethics board.

In this study, we further restricted participants of ONPHEC to those subjects who were between 35 and 85 y of age and did not have any physician-diagnosed AF and history of hospitalization for stroke as of 1 April 2001. All individuals were followed up until the earliest diagnosis of AF or stroke (depending on the outcome under investigation), death, termination of Ontario health insurance (i.e., moving out of Ontario), or the end of the follow-up on 31 March 2015.

Exposure Assessment {#s2.2}
-------------------

We obtained estimates of surface concentrations of ${PM}_{2.5}$ from satellite observations of aerosol optical depth based on the Moderate Resolution Imaging Spectroradiometer (MODIS) from the National Aeronautics and Space Administration (NASA) Terra satellite ([@c89]). Briefly, aerosol optical depth is a measure of the extinction of electromagnetic radiation by aerosols in an atmospheric column. These estimates of ${PM}_{2.5}$ were calibrated using an optimal estimation algorithm in conjunction with a geographically weighted regression of urban land cover, elevation, and aerosol composition. This approach produced the annual average concentrations of surface ${PM}_{2.5}$ below 70°N, which includes all of Ontario, at a $1 \times 1\text{-}{km}$ resolution for the period 1998 through 2012 ([@c88], [@c89]). These satellite-based estimates are closely aligned with ground measurements of ${PM}_{2.5}$ at fixed-site monitors in North America ($R^{2} = 0.82$ for 2004--2008 5-y mean comparison) ([@c89]).

Similarly, residential exposure to ${NO}_{2}$ was estimated from a national land-use regression (LUR) model developed using data from Environment Canada's National Air Pollution Surveillance (NAPS) ([@c32]). The LUR model was constructed by combining measurements of ${NO}_{2}$ from fixed-site monitors with a range of predictors, including satellite estimates of ${NO}_{2}$ for the years 2005--2011, road length, industrial land use, and summer rainfall. The resulting LUR model explained 73% of the variability in fixed-site monitor concentrations of ${NO}_{2}$ in 2006 ([@c32]). To incorporate fine-scale geographic variability of ${NO}_{2}$ from vehicle emissions, a distance-decay gradient based on proximity to highways and major roads was added as a multiplier to the LUR model ([@c32]).

To derive exposure to $O_{3}$, we used an optimal interpolation technique by combining 8-h maximum concentrations from monitoring stations in the warm seasons (1 May to 31 October) with physically based air quality prediction models. This model, which accounts for meteorological and chemical patterns of $O_{3}$, was developed by Environment and Climate Change Canada to produce an annual mean exposure surface of $O_{3}$ at $21 \times 21\text{-}{km}$ resolution across Canada from 2002 to 2009 ([@c64]; [@c66]). The cross-validation analysis for $O_{3}$ using 90% of the observations provided an absolute yearly averaged systematic error of $< 0.6\text{ \ parts\ per\ billion}$ by volume (ppbv) and random error of $< 9\text{ \ ppbv}$ ([@c66]).

Because the exposure surface of ${NO}_{2}$ was derived for 2006, we conducted yearly calibration of the ${NO}_{2}$ exposure surface by scaling it by the ratio of the mean concentrations at fixed-site stations in Ontario for a given year and that in 2006 ([@c4]; [@c16]). Using this approach, we produced annual mean estimates of ${NO}_{2}$ between 1996 and 2015. Additionally, we applied similar scaling approaches to derive exposures to ${PM}_{2.5}$ and $O_{3}$ in all other years where the annual estimates were unavailable between 1996 and 2015 ([@c32]; [@c89]), similar to previous studies ([@c4]; [@c18]). Because annual estimates of ${PM}_{2.5}$ were unavailable before 1998 and after 2012, we extrapolated the estimates in 1998 to years prior and the estimates in 2012 to years after by scaling the 1998 and 2012 surfaces with a ratio between the average concentrations of ${PM}_{2.5}$ at all fixed-site monitors across Ontario in a given year in 1996--1998 and 2013--2015 with those in 1998 and 2012, respectively. Furthermore, we created annual exposure surfaces for $O_{3}$ using long-term average $O_{3}$ estimates for the years 2002--2009 and annual concentrations of $O_{3}$ at fixed-site monitors across Ontario between 1996 and 2015.

Both ${NO}_{2}$ and $O_{3}$ have been used individually in many epidemiologic studies as the main oxidative atmospheric pollutants. ${NO}_{2}$ has been shown to induce the release of reactive oxygen species from alveolar macrophage ([@c34]), whereas $O_{3}$ is implicated in increased lipid peroxidation, generation of reactive oxygen species, and increased systemic oxidative stress ([@c6]; [@c8]; [@c37]; [@c42]). These two gaseous pollutants, in conjunction with nitric oxide, further form a dynamic relationship through atmospheric chemistry and interchange over short time scales ([@c95]). As a result, there is mounting interest in the role of their combined oxidant capacity on health, especially exerting adverse effects via oxidative stress and other mechanisms such as protein nitration ([@c95]). Several epidemiological studies have examined the effects of $O_{x}$ on acute health events, such as daily mortality, respiratory inflammation, and emergency department visits for myocardial infarction ([@c92]; [@c95]; [@c98]), but no studies to date have examined its impact on the incidence of major cardiovascular disease. To derive redox-weighted oxidant capacity of ${NO}_{2}$ and $O_{3}$, we mathematically used redox potentials as the weights such that $O_{x}$ can be obtained as follows: $O_{x} = \left\lbrack {{({1.07\text{ \ volts\  }{(V)} \times {NO}_{2}})} + \left( {2.075V \times O_{3}} \right)} \right\rbrack/3.145V$, as done in previous studies ([@c7]; [@c92]). This redox-weighted measure accounts for the fact that $O_{3}$ is a stronger oxidant than ${NO}_{2}$ ([@c92]).

For each of the four above metrics of air pollution, we assigned annual exposure estimates for the years 1996 to 2015 according to participants' annual residential postal codes obtained from the Registered Persons Database, a registry of all Ontario residents with health insurance ([@c15]). In urban areas, each postal code corresponds to a side of a street block or a large apartment building, and in rural areas these postal code areas can be much larger.

Case Ascertainment {#s2.3}
------------------

Using population-based health administrative databases, we ascertained the cases of AF and stroke by applying algorithms, validated against medical records, throughout the study period. We obtained data on hospitalizations, emergency department visits, and physician billing claims through the Canadian Institute of Health Information Discharge Abstract Database (CIHI-DAD), the National Ambulatory Care Reporting System Database (NACRS), and Ontario Health Insurance Plan (OHIP) physician claims database, respectively. These population-based databases contain detailed diagnostic and procedural information for all these health care encounters in Ontario and have been previously validated ([@c29]).

Incident AF, both paroxysmal and persistent, was defined as a hospitalization, an emergency department visit, or four physician billings in a 1-y period with a 30-d time interval between each physician billing code ([@c86]). Hospitalizations and emergency department visits were identified using *International Classification of Disease*, Ninth (ICD-9) and Tenth (ICD-10) codes 427.31 or 427.32 and I48, respectively. The OHIP diagnostic code for AF falls under 427. A recent validation study found the algorithm to have a sensitivity of 70.8% (95% CI: 64.4, 77.3), specificity of 99.2% (95% CI: 99.0, 99.4), positive predictive value of 70.8% (95% CI: 64.4, 77.3), and negative predictive value of 99.9% (95% CI: 99.0, 99.4) ([@c86]).

To identify the incidence of stroke, we used first-recorded hospitalization for stroke as the surrogate. Stroke-related hospitalizations have been used frequently in previous studies to determine the time trends of stroke incidence and their association with air pollution and were found to be highly predictive of overall stroke incidence ([@c35]; [@c39]; [@c67]; [@c94]). Similar to previous studies ([@c27]; [@c87]), we identified an incident diagnosis of stroke as a first-recorded hospitalization due to ischemic stroke (ICD-9 codes 434 and 436 or ICD-10 codes I63.x \[excluding I63.6\], I64, and H34.1) or hemorrhagic stroke (ICD-9 codes: 430 and 431; ICD-10 codes: I60 and I61). The algorithm used for ischemic stroke had a sensitivity of 79.6% (95% CI: 78.2, 81.0) and positive predictive value of 72.9% (95% CI: 71.5, 74.5). For hemorrhagic stroke, the algorithm had a sensitivity of 70.6% (95% CI: 67.1, 74.0) and positive predictive value of 42.5% (95% CI: 39.6, 45.4) ([@c27]). The lower sensitivity of incident strokes in comparison with that of other cardiovascular diseases, such as congestive heart failure, may be due to the characteristic symptoms of stroke being more episodic than chronic conditions that are likely to accrue administrative claims ([@c71]). Cases of AF and stroke that occurred before baseline were considered prevalent cases and thus were excluded.

Statistical Analysis {#s2.4}
--------------------

We used single-pollutant Cox proportional hazards models to estimate the associations between exposures to ${PM}_{2.5}$, ${NO}_{2}$, $O_{3}$, and $O_{x}$ and the incidence of AF and stroke, respectively. To capture longer-term exposure to these selected air pollutants, we assigned estimates of exposure using a 5-y moving average. For instance, an individual's exposure in 2001 was estimated as the mean exposure over the years from 1996 to 2000. This approach accounted for the variability in exposures associated with residential mobility as well as secular trends of air pollution. In addition, to control for the potential differences in health status between individuals living in the Greater Toronto Area (GTA)---the most populous metropolitan area in Canada---and those elsewhere, we stratified our models by a regional variable indicating residence in the GTA at cohort inception.

We specified three incremental models that sequentially adjusted for known and suspected risk factors of stroke and AF. First, we adjusted for individual-level age at baseline and sex. We then added four time-varying neighborhood-level socioeconomic status variables obtained from the 1996, 2001, and 2006 Canadian Censuses at the dissemination area level: unemployment rate; proportions of residents age 15 y or older who had completed less than high school education; proportions of recent immigrants (i.e., an immigrant who first obtained their immigrant or permanent resident status within the five years before a given census); and community-specific income quintile, which is based on household income and accounts for household size ([@c78]). The dissemination area is the smallest standard census geographical unit covering all of Canada, with a population between 400 and 700 persons. Next, we adjusted for two geographic indicator variables at baseline for potential regional patterns in the incidence of AF or stroke that may be caused by factors unrelated to air pollution: a regional indicator variable for southern/northern Ontario, based on the 14 Ontario Local Health Integration Networks; and rural/urban areas using the 2004 Rurality Index for Ontario ([@c40]). The last of the incremental models was considered the fully adjusted main model and was further used in sensitivity analyses.

To test the robustness of our analysis, we performed several sensitivity analyses. We additionally adjusted for each of the following covariates in the main model: *a*) comorbidities ascertained at baseline \[including diabetes, hypertension, and congestive heart failure from validated databases in Ontario ([@c31]; [@c71]; [@c85]), as well as coronary heart disease consisting of unstable angina, stable angina, and myocardial infarction\] (Table S1); *b*) area-level material deprivation in year 2006 based on the Ontario Marginalization Index, which quantifies the degree of marginalization between areas and inequalities in health and social well-being in Ontario ([@c49]); *c*) area-level access to physician care (i.e., the density of primary care and physician specialists at a census subdivision level) at baseline to account for its potential influence on disease diagnosis using the ICES Physician Database in Ontario, collectively measuring access to primary and related health care ([@c13]); *d*) area-level proportion of visible minorities (individuals belonging to nonwhite, non-Aboriginal ethnic groups) age 15 y or older at baseline; and *e*) time-varying calendar year as a linear term to adjust for time trends in air pollution and risk of outcomes. In addition, we evaluated the robustness of the standard Cox models by constructing random-effects Cox models with census divisions (equivalent to counties) at baseline as a random effect. Person-years with any missing data for covariates were excluded in the analyses. Last, we examined correlations among all the air pollutants and further conducted analyses using two- and three-pollutant models for both AF and stroke cohorts.

In addition, we applied an indirect adjustment method to assess the impact of unobserved individual-level behavioral factors, specifically smoking, obesity, physical activity, and alcohol consumption. Briefly, we used a method to mathematically adjust the hazard ratios (HRs) for these missing variables while simultaneously controlling for all measured variables ([@c73]). We estimated the association between the missing covariates and the exposure of interest (i.e., ${PM}_{2.5}$, ${NO}_{2}$, $O_{3}$, and $O_{x}$) from the auxiliary dataset, which included data from three population-based health surveys, including the 1996 cycle of the National Population Health Survey and the 2000--2001 and 2003 cycles of the Canadian Community Health Survey ([@c77]). We also obtained the estimates of association between the missing behavioral risk factors and AF or stroke from the literature, based on the strength of evidence from recent systematic reviews or large epidemiological studies on AF ([@c12]; [@c36]; [@c55]; [@c90]) and stroke ([@c41]; [@c43]; [@c54]; [@c80]). Using this information, we mathematically adjusted the HRs for the missing covariates, while simultaneously controlling for the observed covariates (e.g., age and sex).

Moreover, to explore whether certain characteristics may modify the relationship between air pollution and stroke and AF, we conducted subgroup analyses and performed Cochran *Q* test to assess heterogeneity between subgroups. We examined selected individual-level variables, including age in 10-y intervals (35--44, 45--54, 55--64, 65--74, and 75--85), sex (men/women), comorbid hypertension and diabetes (yes/no), and stroke subtype (ischemic/hemorrhagic). We also conducted subgroup analyses by area-level household income (in quintiles).

Shape of the Concentration--Response Relationships {#s2.5}
--------------------------------------------------

To characterize the shapes of the concentration--response associations among individual air pollutants with incidence of AF and stroke, we used a newly developed modeling framework, the Shape Constrained Health Impact Function (SCHIF). The detailed methodology is presented elsewhere ([@c53]). Briefly, cohort studies have often used natural, restricted, or smoothing splines to assess the shapes of the association among air pollution, incidence of chronic disease, and mortality. in comparison with the spline-based approaches, the SCHIF approach can be used with any regression model and identifies the different shapes of the association between exposure and outcome in a monotonically nondecreasing manner, suitable for health-effect assessments. The SCHIF approach yields an estimate of the logarithm of HR for a unit change in the transformed concentration with a set of additional parameters that control the amount of curvature and shape. It defines transformations of concentration as the product of either a linear or log-linear function of concentration, multiplied by a logistic weighting function: $$T_{\theta}\left( z \right) = \frac{f\left( z \right)}{1 + {\text{ \ exp\  }\{}\text{-}\left( z\text{-}\mu \right)/\left( \tau \times r \right)\}},$$where $T_{\theta}\left( z \right)$ was a parameterized, monotonic transformation of pollutant concentration *z*, and $\theta = \left( {f,\mu,\tau} \right)$; *r* the range in the pollutant concentration; $\tau$ the amount of curvature of the HR function where larger values represent less curvature; and $f\left( z \right) = z$ or $f\left( z \right) = \log\,\left( {z + 1} \right)$ the two forms of concentration previously used in ambient air pollution cohort studies. The SCHIF permits capturing various nonlinear shapes, including supralinear, near-linear, and sublinear forms. This method has been employed in previous studies to examine the effects of air pollution on various health outcomes, including incidence of major chronic diseases and mortality, at diverse locations ([@c11]; [@c44]; [@c62]; [@c93]).

Using the SCHIF, we examined the shape of the relationships for AF and stroke with each air pollutant, adjusting for all available individual and neighborhood-level risk factors used in our main analysis. In our analysis, we used $\tau = 0.1$, and ($\eta,\,\mu$) were unknown parameters estimated from the cohort survival data by method described elsewhere ([@c53]). The estimation method was based on a routine that selects multiple values of ($f,\,\mu,\,\tau$), and given these values, estimates of $\eta$ and its standard error were obtained using the Cox model. The combination of $\theta = \left( {f,\,\mu,\,\tau} \right)$ defined the transformation $T_{\theta}\left( z \right)$ of the concentration. We restricted the search to $\mu$ values defined by the 0th, 25th, 50th, and 75th percentiles of the exposure distribution, $f = z$ and $f = \log\,\left( {z + 1} \right)$, resulting in eight model runs. We then identified the model form $\theta = \left( {f,\,\mu,\,\tau} \right)$ with the largest log-likelihood value and fixed *f* for the remainder of the search routing. We then varied $\mu$ up or down by five percentiles from $\mu$ identified in the initial search corresponding to the largest log-likelihood value, until log-likelihood was maximized. If $\mu$ in the initial search was the 0th percentile, we varied $\mu$ upwards only as we could not define percentiles of the exposure distribution below the minimum value.

Based on the ensemble transformations, where we determined the joint risk coefficient and uncertainty weighted by the likelihood values across all models examined, we characterized the shape of the association between each air pollutant, and AF and stroke, respectively ([@c53]). Whenever nonlinear shapes for AF and stroke were depicted by SCHIF, we also derived and reported the ensemble HRs and the 95% confidence intervals (CI) within each quartile of air pollution concentrations (i.e., comparing the highest vs. the lowest concentration in each quartile) to describe the possible changes in air pollution risk by different levels of exposure.

We reported HRs and 95% CIs from linear associations and nonlinear associations from SCHIF. The linear associations were expressed per interquartile-range (IQR) increase of ${PM}_{2.5}$ ($\text{IQR} = 4.14{\,\mu g/m}^{3}$), ${NO}_{2}$ ($\text{IQR} = 10.45\text{ \ ppb}$), $O_{3}$ ($\text{IQR} = 6.07\text{ \ ppb}$), and $O_{x}$ ($\text{IQR} = 3.74\text{ \ ppb}$) (referred to as $\text{HR}_{\text{IQR}}$) to facilitate comparisons among the different air pollutants in this study population. We used the coxme library of R version statistical software (version 3.1.0; R Development Core Team) and SAS Enterprise Guide statistical software (version 6.1; SAS Institute Inc.).

Results {#s3}
=======

Descriptive Statistics {#s3.1}
----------------------

The cohort comprised 5,071,956 individuals, among whom a total of 313,157 first-recorded physician diagnoses of AF (total of 66,916,668 person-years of follow-up) and 122,545 hospitalizations for stroke (total of 67,869,896 person-years of follow-up) occurred during the follow-up. Of all stroke cases, ischemic stroke comprised 82%. At baseline, the mean age of the cohort was 53.2 y, and the mean age at diagnosis was ∼ 66 y for AF and for stroke ([Table 1](#t1){ref-type="table"}). In addition, individuals diagnosed with AF or stroke were more likely to be men and were twice as likely to have preexisting cardiovascular conditions as the overall population (e.g., $\sim 52\%$ of those diagnosed had hypertension vs. $\sim 26\%$ among the entire cohort).

###### 

Baseline characteristics of the cohort in Ontario, Canada, in 2001.

Table 1 lists characteristics in the first column; the corresponding population, number of stroke cases, and number of A F cases are listed in the other columns.

  Characteristic                                                                          Population       Stroke cases    AF cases
  --------------------------------------------------------------------------------------- ---------------- --------------- ---------------
  Age \[mean ± SD (years)\]                                                               53.2 (12.9)      65.6 (12.3)     66.0 (11.7)
  Age group \[*n* (%)\]                                                                                                    
   35--44                                                                                 1,608,823 (32)   8,612 (7)       17,824 (6)
   45--54                                                                                 1,418,506 (28)   17,057 (14)     39,706 (13)
   55--64                                                                                 941,155 (18)     24,395 (20)     66,544 (21)
   65--74                                                                                 687,849 (14)     37,722 (31)     103,387 (33)
   75--85                                                                                 415,623 (8)      34,759 (28)     85,696 (27)
  Sex \[*n* (%)\]                                                                                                          
   Men                                                                                    2,432,072 (48)   61,684 (50)     163,732 (52)
   Women                                                                                  2,639,884 (52)   60,861 (50)     149,425 (48)
  Geographic indicators \[*n* (%)\]                                                                                        
   Urban Area[^*a*^](#TF1){ref-type="table-fn"}                                           4,310,483 (85)   103,424 (84)    265,649 (85)
   Rural Area                                                                             761,473 (15)     19,121 (16)     47,508 (15)
   Greater Toronto Area                                                                   1,984,630 (39)   44,184 (36)     117,356 (37)
   Non-Greater Toronto Area                                                               3,087,326 (61)   78,361 (64)     195,801 (63)
   Northern Ontario                                                                       410,828 (8)      12,009 (10)     27,558 (9)
   Southern Ontario                                                                       4,661,128 (91)   110,536 (90)    285,599 (91)
  Comorbidity \[*n* (%)\]                                                                                                  
   Congestive heart failure                                                               88,790 (2)       5,969 (5)       21,099 (7)
   Without congestive heart failure                                                       4,983,166 (98)   116,576 (95)    292,058 (93)
   Hypertension                                                                           1,326,723 (26)   64,226 (52)     166,467 (53)
   Without hypertension                                                                   3,745,233 (74)   58,319 (48)     146,690 (47)
   Diabetes                                                                               414,418 (8)      23,915 (20)     50,120 (16)
   Without diabetes                                                                       4,657,538 (92)   98,630 (80)     263,037 (84)
   Coronary heart disease                                                                 273,627 (5)      17,370 (14)     50,224 (16)
   Without coronary heart disease                                                         4,798,329 (95)   105,175 (86)    262,933 (84)
  Type of stroke \[*n* (%)\]                                                                                               
   Ischemic                                                                               ---              100,964 (82)    ---
   Hemorrhagic                                                                            ---              21,581 (18)     ---
  Area-level risk factors[^*b*^](#TF2){ref-type="table-fn"} (mean ± SD)                                                    
   Proportion with $< \text{high\ school\ education}$[^*c*^](#TF3){ref-type="table-fn"}   26.0 (10)        27.6 (10)       26.8 (10)
   Unemployment rate[^*c*^](#TF3){ref-type="table-fn"}                                    6.2 (3)          6.5 (3)         6.3 (3)
   Proportion of recent immigrants[^*d*^](#TF4){ref-type="table-fn"}                      3.8 (5)          3.8 (6)         3.8 (5)
  Income quintile \[*n* (%)\]                                                                                              
   Lowest                                                                                 869,887 (17)     25,790 (21)     58,484 (19)
   Lower                                                                                  1,009,778 (20)   27,185 (22)     65,645 (21)
   Middle                                                                                 1,043,174 (21)   24,705 (20)     63,458 (20)
   Upper                                                                                  1,044,510 (21)   22,508 (18)     60,228 (19)
   Uppermost                                                                              1,104,607 (22)   22,357 (18)     65,342 (21)
  Access to physician care[^*e*^](#TF5){ref-type="table-fn"}                              167 (573)        142 (525)       192 (615)
  Material deprivation                                                                    $- 0.2$ (0.8)    $- 0.1$ (0.9)   $- 0.2$ (0.9)
  Proportion of visible minorities                                                        0.1 (0.2)        0.1 (0.2)       0.2 (0.2)

Urban areas are defined by Statistics Canada as continuously built-up areas with a population of $\geq 1,000$ and a population density of $\geq 400{/{km}}^{2}$. All others were considered to be rural areas.

All area-level risk factors are derived at the census dissemination area levels, with the exception of access to physician care derived at the census subdivision (i.e., municipality) level. Less than 1% and 0.5% of all observations had missing information on material deprivation and proportion of visible minorities, respectively. All other variables had a complete set of information.

The area-level risk factors were derived from Canadian Census for percentage of population who are age 15 y or older.

Recent immigrants refer to individuals who obtained their immigrant or permanent resident status in Canada in the five years prior to the given census.

The density of primary care and physician specialists at a census subdivision level was derived as a proxy to access to physician care.

At cohort inception in 2001, the mean annual concentrations of ${PM}_{2.5}$, ${NO}_{2}$, $O_{3}$, and $O_{x}$ were $9.8{\,\mu g/m}^{3}$ ($\text{IQR} = 4{.0\;\mu g/m}^{3}$), $15.3\text{ \ ppb}$ ($\text{IQR} = 12.9\text{ \ ppb}$), $45.8\text{ \ ppb}$ ($\text{IQR} = 6.1\text{ \ ppb}$), and $35.7\text{ \ ppb}$ ($\text{IQR} = 3.7\text{ \ ppb}$), respectively (Table S2).

Air Pollution and Associations with AF and Stroke {#s3.2}
-------------------------------------------------

The associations between past exposures to air pollution and the incidence of AF and stroke over the 15-y period are presented in [Tables 2](#t2){ref-type="table"} and [3](#t3){ref-type="table"}, respectively. In the main model for AF, each IQR increase in exposure to ${PM}_{2.5}$ was associated with a $\text{HR}_{\text{IQRs}}$ of 1.03 (95% CI: 1.01, 1.04), or HR per ${10\;\mu g/m}^{3}$ (i.e., $\text{HR}_{10\;\mu g/m3}$) of 1.07 (95% CI: 1.04, 1.10), after stratifying by GTA/non-GTA and adjusting for age, sex, area-level socioeconomic status, southern/northern Ontario, and rural/urban areas relative to our observed minimum concentration ([Table 2](#t2){ref-type="table"}). In addition, we observed positive associations between incident AF and exposures to ${NO}_{2}$, $O_{3}$, and $O_{x}$ with $\text{HR}_{\text{IQRs}}$ of 1.02 (95% CI: 1.01, 1.03) or $\text{HR}_{10\text{ \ ppb}}$ of 1.02 (95% CI: 1.00, 1.03), 1.01 (95% CI: 1.00, 1.02) or $\text{HR}_{10\text{ \ ppb}}$ of 1.02 (95% CI: 1.00, 1.03), and 1.01 (95% CI: 1.01, 1.02) or $\text{HR}_{10\text{ \ ppb}}$ of 1.04 (95% CI: 1.01, 1.06), respectively. Similarly, we observed positive associations between each of the four pollutants and stroke incidence, with $\text{HR}_{\text{IQRs}}$ varying between 1.04 and 1.05 ([Table 3](#t3){ref-type="table"}). In 10-unit increments, we found $\text{HR}_{10\;\mu g/m3}$ of 1.12 (95% CI: 1.09, 1.16) for ${PM}_{2.5}$, $\text{HR}_{10\text{ \ ppb}}$ of 1.03 (95% CI: 1.02, 1.05) for ${NO}_{2}$, $\text{HR}_{10\text{ \ ppb}}$ of 1.09 (95% CI: 1.06, 1.11) for $O_{3}$, and $\text{HR}_{10\text{ \ ppb}}$ of 1.13 (95% CI: 1.10, 1.16) for $O_{x}$.

###### 

Association between 5-year average exposure to ambient ${PM}_{2.5}$, ${NO}_{2}$, $O_{3}$ and $O_{x}$ and incidence of atrial fibrillation in Ontario, Canada, per interquartile range increment, from 2001 to 2015.

Table 2 lists characteristics in the first column; the corresponding hazard ratio (95 percent confidence interval) for PM sub 2.5, N O sub 2, O sub 3, and O sub x are listed in the other columns.

                                                                                   Hazard ratio (95% confidence interval)                                           
  -------------------------------------------------------------------------------- ---------------------------------------- ------------------- ------------------- -------------------
  Incremental main analysis                                                                                                                                         
   Age and sex[^*a*^](#TF6){ref-type="table-fn"}                                   1.01 (1.00, 1.02)                        0.98 (0.97, 0.99)   1.01 (1.00, 1.01)   1.00 (0.99, 1.00)
   $+ \text{Area-level\ risk\ factors}$[^*b*^](#TF7){ref-type="table-fn"}          1.03 (1.02, 1.05)                        1.03 (1.01, 1.04)   1.02 (1.01, 1.03)   1.02 (1.01, 1.03)
   $+ \text{Geographic\ indicator\ variables}$[^*c*^](#TF8){ref-type="table-fn"}   1.03 (1.01, 1.04)                        1.02 (1.01, 1.03)   1.01 (1.00, 1.02)   1.01 (1.01, 1.02)
  Sensitivity Analysis[^*d*^](#TF9){ref-type="table-fn"}                                                                                                            
   $+ \text{Comorbidities}$                                                        1.03 (1.02, 1.04)                        1.03 (1.01, 1.04)   1.01 (1.00, 1.02)   1.02 (1.01, 1.02)
   $+ \text{Material\ deprivation}$                                                1.03 (1.01, 1.05)                        1.03 (1.01, 1.04)   0.99 (0.98, 1.01)   1.01 (1.00, 1.02)
   $+ \text{Access\ to\ physician\ care}$                                          1.03 (1.01, 1.04)                        1.02 (1.01, 1.03)   1.01 (1.00, 1.02)   1.01 (1.00, 1.02)
   $+ \text{Visible\ minorities}$                                                  1.03 (1.02, 1.04)                        1.03 (1.01, 1.04)   1.01 (1.00, 1.01)   1.01 (1.00, 1.02)
   $+ \text{Calendar\ year}$                                                       1.03 (1.01, 1.04)                        1.02 (1.00, 1.03)   1.01 (1.00, 1.02)   1.01 (1.01, 1.02)
   $+ \text{Indirect\ adjustment}$[^*e*^](#TF10){ref-type="table-fn"}              1.02 (1.01, 1.04)                        1.02 (1.00, 1.03)   1.01 (1.00, 1.02)   1.01 (1.00, 1.02)
   1-year moving average[^*f*^](#TF11){ref-type="table-fn"}                        1.02 (1.01, 1.03)                        1.01 (0.99, 1.02)   1.01 (1.00, 1.02)   1.01 (1.00, 1.01)
   3-year moving average[^*g*^](#TF12){ref-type="table-fn"}                        1.02 (1.02, 1.03)                        1.01 (1.00, 1.03)   1.01 (1.00, 1.02)   1.01 (1.00, 1.02)
   Spatial random-effects[^*h*^](#TF13){ref-type="table-fn"}                       1.02 (1.01, 1.03)                        1.01 (1.01, 1.02)   1.00 (0.98, 1.03)   1.01 (0.99, 1.03)

Base model stratified by a dichotomous indicator for residing in the Greater Toronto Area (GTA) or outside the GTA.

Four area-level variables at dissemination area level were added to the base model: income quintile, proportion of individuals with less than high school education, unemployment rate, and proportion of recent immigrants who obtained landed immigrant or permanent residency status within five years of Canadian census.

Considered the main model, which included two geographic indicators (i.e., northern/southern Ontario and urban/rural areas) to the base model and all previous variables labeled with "b."

Each sensitivity analysis variable was added to the main model "c." Comorbidities included diabetes, hypertension, congestive heart failure, and coronary heart disease. Material deprivation and visible minorities were derived at the dissemination area level, access to physician care was derived at the census subdivision level, and the rest of covariates at individual level.

Indirectly adjusted for smoking, physical activity, obesity, and alcohol consumption.

Associations per interquartile range of ${PM}_{2.5}$ ($4.8{\,\mu g/m}^{3}$), ${NO}_{2}$ ($12.5\text{ \ ppb}$), $O_{3}$ ($6.7\text{ \ ppb}$), and $O_{x}$ ($3.7\text{ \ ppb}$).

Associations per interquartile range of ${PM}_{2.5}$ ($3.4{\,\mu g/m}^{3}$), ${NO}_{2}$ ($13.0\text{ \ ppb}$), $O_{3}$ ($6.3\text{ \ ppb}$), and $O_{x}$ ($3.7\text{ \ ppb}$).

One-level random-effects Cox models adjusted for covariates in the main model "c," and random-effects represented by one level of spatial clusters defined by census divisions (equivalent to counties).

###### 

Association between 5-year average exposure to ambient ${PM}_{2.5}$, ${NO}_{2}$, $O_{3}$ , and $O_{x}$ and incidence of stroke in Ontario, Canada, per interquartile range increment from 2001 to 2015.

Table 3 lists characteristics in the first column; the corresponding hazard ratio (95 percent confidence interval) for PM sub 2.5, N O sub 2, O sub 3, and O sub x are listed in the other columns.

                                                                                    Hazard ratio (95% confidence interval)                                           
  --------------------------------------------------------------------------------- ---------------------------------------- ------------------- ------------------- -------------------
  Incremental Main Analysis                                                                                                                                          
   Age, sex[^*a*^](#TF14){ref-type="table-fn"}                                      1.01 (0.99, 1.04)                        0.98 (0.96, 1.01)   1.01 (1.00, 1.02)   1.00 (0.99, 1.01)
   $+ \text{Socioeconomic\ status}$[^*b*^](#TF15){ref-type="table-fn"}              1.05 (1.03, 1.07)                        1.05 (1.02, 1.08)   1.02 (1.01, 1.03)   1.03 (1.01, 1.04)
   $+ \text{Geographic\ indicator\ variables}$[^*c*^](#TF16){ref-type="table-fn"}   1.05 (1.03, 1.07)                        1.04 (1.01, 1.06)   1.05 (1.03, 1.06)   1.05 (1.04, 1.06)
  Sensitivity Analysis[^*d*^](#TF17){ref-type="table-fn"}                                                                                                            
   $+ \text{Comorbidities}$                                                         1.05 (1.04, 1.06)                        1.05 (1.03, 1.07)   1.05 (1.04, 1.06)   1.05 (1.04, 1.06)
   $+ \text{Material\ deprivation}$                                                 1.08 (1.05, 1.10)                        1.05 (1.02, 1.08)   1.08 (1.06, 1.11)   1.09 (1.06, 1.12)
   $+ \text{Access\ to\ physician\ care}$                                           1.05 (1.03, 1.07)                        1.05 (1.02, 1.07)   1.05 (1.02, 1.07)   1.04 (1.03, 1.05)
   $+ \text{Visible\ minorities}$                                                   1.05 (1.03, 1.07)                        1.04 (1.02, 1.07)   1.04 (1.03, 1.06)   1.04 (1.03, 1.06)
   $+ \text{Calendar\ year}$                                                        1.05 (1.03, 1.07)                        1.04 (1.01, 1.07)   1.05 (1.03, 1.06)   1.05 (1.04, 1.06)
   $+ \text{Indirect\ adjustment}$[^*e*^](#TF18){ref-type="table-fn"}               1.05 (1.03, 1.06)                        1.04 (1.01, 1.06)   1.05 (1.03, 1.06)   1.04 (1.03, 1.05)
   1-year moving average[^*f*^](#TF19){ref-type="table-fn"}                         1.03 (1.01, 1.04)                        1.02 (1.00, 1.04)   1.06 (1.04, 1.07)   1.04 (1.03, 1.05)
   3-year moving average[^*g*^](#TF20){ref-type="table-fn"}                         1.04 (1.03, 1.05)                        1.04 (1.02, 1.07)   1.05 (1.04, 1.06)   1.05 (1.04, 1.06)
  Spatial random effects[^*h*^](#TF21){ref-type="table-fn"}                         1.05 (1.02, 1.07)                        1.04 (1.01, 1.07)   1.04 (1.02, 1.07)   1.05 (1.02, 1.07)

Base model stratified by a dichotomous indicator for residing in the Greater Toronto Area (GTA) or outside the GTA.

Four area-level variables at dissemination area level were added to the model including base model: income quintile, proportion of individuals with less than high school education, unemployment rate, and proportion of recent immigrants who obtained landed immigrant or permanent residency status within five years of Canadian census.

Considered the main model, which included two geographic indicators (i.e., northern/southern Ontario and urban/rural areas) to the base model and all previous variables labeled with "b."

Each sensitivity analysis variable was added to the main model "c." Comorbidities included diabetes, hypertension, congestive heart failure, and coronary heart disease. Material deprivation and visible minorities were derived at the dissemination area level, access to physician care was derived at the census subdivision level, and the rest of covariates at individual level.

Indirectly adjusted for smoking, physical activity, obesity, and alcohol consumption.

Associations per interquartile range of ${PM}_{2.5}$ ($4.8{\,\mu g/m}^{3}$), ${NO}_{2}$ ($12.5\text{ \ ppb}$), $O_{3}$ ($6.7\text{ \ ppb}$), and $O_{x}$ ($3.7\text{ \ ppb}$).

Associations per interquartile range of ${PM}_{2.5}$ ($3.4{\,\mu g/m}^{3}$), ${NO}_{2}$ ($13.0\text{ \ ppb}$), $O_{3}$ ($6.3\text{ \ ppb}$), and $O_{x}$ ($3.7\text{ \ ppb}$).

One-level random-effects Cox models adjusted for covariates in the main model "c," and random-effects represented by one level of spatial clusters defined by census divisions (equivalent to counties).

In the sensitivity analyses with AF, our indirect adjustment for smoking, alcohol consumption, obesity, and physical activity did not result in any appreciable change in association ([Table 2](#t2){ref-type="table"}). The estimated association was also insensitive to additional control for access to physician care, material deprivation, visible minorities, and adding random effects to account for potential spatial clustering. Similarly, for stroke, the associations with all four air pollutants remained robust to most of the sensitivity analyses ([Table 3](#t3){ref-type="table"}), with somewhat stronger associations observed after further adjusting for material deprivation with ${PM}_{2.5}$ (HR 1.08; 95% CI, 1.05, 1.10) and $O_{3}$ (HR 1.09; 95% CI, 1.06, 1.12). Furthermore, in the analysis using multipollutant models, we found that for AF, associations with an IQR increase were stronger for ${PM}_{2.5}$ than for the other three air pollutants. For stroke, on the other hand, we observed that associations with ${PM}_{2.5}$ were stronger than associations with ${NO}_{2}$ but weaker than associations with $O_{3}$ and $O_{x}$ in two-pollutant models, whereas in the three-pollutant model, the association with ${PM}_{2.5}$ was weaker than the associations with both ${NO}_{2}$ and $O_{3}$ (Table S3). Exposure to ${PM}_{2.5}$ was moderately correlated with $O_{3}$, whereas ${NO}_{2}$ and $O_{3}$ had a weak inverse correlation, and all others were more strongly correlated (Table S4).

In our exploratory subgroup analyses, observed that individuals with lower incomes tended to exhibit a higher association for AF with ${PM}_{2.5}$ ($\text{HR}_{\text{IQR}}$ 1.06; 95% CI: 1.04, 1.08 for the lowest income vs. $\text{HR}_{\text{IQR}}$ 0.99; 95% CI: 0.97, 1.02 for the highest income) ([Figure 1](#f1){ref-type="fig"}, Table S5). In addition, ischemic stroke was generally more strongly associated with most air pollutants than hemorrhagic stroke (e.g., $\text{HR}_{\text{IQR}}$ 1.06; 95% CI: 1.04, 1.08 vs. 1.04; 95% CI: 1.01, 1.07 for ${PM}_{2.5}$), with ${NO}_{2}$ being the exception ([Figure 2](#f2){ref-type="fig"}, Table S6). We observed a similar association for stroke and ${PM}_{2.5}$ ($\text{HR}_{\text{IQR}}$ 1.08; 95% CI: 1.04, 1.12 for the lowest income vs. $\text{HR}_{\text{IQR}}$ 1.01; 95% CI: 0.99, 1.04 for the highest income). Furthermore, for stroke, the younger age groups exhibited an elevated association with exposure to ${NO}_{2}$ ([Figure 2](#f2){ref-type="fig"}). A similar pattern was observed with ${PM}_{2.5}$ across all age groups, with the exception of the youngest individuals. Conversely, stronger associations with $O_{3}$ and $O_{x}$ were found among older age groups.

![Hazard ratios for the associations between air pollution (for each interquartile range) and atrial fibrillation, stratified by certain characteristics. Interquartile range values for pollutants: (A) ${PM}_{2.5}$ ($4.1{\,\mu g/m}^{3}$), (B) ${NO}_{2}$ ($10.5\text{ \ ppb}$), (C) $O_{3}$ ($6.1\text{ \ ppb}$) and (D) $O_{x}$ ($3.7\text{ \ ppb}$). Each subgroup analysis used the fully adjusted model, stratified by an indicator for living in the Greater Toronto Area or not, and adjusted for age, sex, area-level socioeconomic status (education, recent immigrants, unemployment rate, and income quintile), urban/rural area, and northern/southern Ontario, except for the subgroup variable of interest. CHD, coronary heart disease.](ehp-127-087009-g0001){#f1}

![Hazard ratios for the associations between air pollution (for each interquartile range) and stroke, stratified by certain characteristics. Interquartile range values for pollutants: ${PM}_{2.5}$ ($4.1{\,\mu g/m}^{3}$), ${NO}_{2}$ ($10.5\text{ \ ppb}$), $O_{3}$ ($6.1\text{ \ ppb}$) and $O_{x}$ ($3.7\text{ \ ppb}$). Each subgroup analysis used the fully adjusted model, stratified by an indicator for living in the Greater Toronto Area or not, and adjusted for age, sex, area-level socioeconomic status (education, recent immigrants, unemployment rate, and income quintile), urban/rural area, and northern/southern Ontario, except for the subgroup variable of interest. CHD, coronary heart disease.](ehp-127-087009-g0002){#f2}

Concentration--Response Relationships {#s3.3}
-------------------------------------

The shapes of the pollutant-disease relationships for AF and stroke with ${PM}_{2.5}$ and $O_{x}$ are illustrated in [Figures 3](#f3){ref-type="fig"} and [4](#f4){ref-type="fig"}, respectively. For AF, we observed a tendency for sublinear relationships with both ${PM}_{2.5}$ and $O_{x}$ ([Figure 3](#f3){ref-type="fig"}), with some evidence for potential thresholds at relatively low levels of the two pollutants (at ${\sim 6\;\mu g/m}^{3}$ for ${PM}_{2.5}$ and $25\text{ \ ppb}$ for $O_{x}$). For stroke, we also noted a sublinear association between $O_{x}$ and stroke, with no apparent association below $20\text{ \ ppb}$. In contrast, we observed a near-linear association between stroke and ${PM}_{2.5}$, with a pronounced effect across the entire range of exposure. An important aspect that we observed was an increased association for incident stroke (HR 1.10; 95% CI: 1.06, 1.13) at ${10\;\mu g/m}^{3}$ for ${PM}_{2.5}$, which is the current Canadian Ambient Air Quality Standards and the [@c97] guideline ([@c25]; [@c97]), relative to the minimum concentration of ${PM}_{2.5}$. Furthermore, for both AF and stroke, we found supralinear and sublinear relationships with ${NO}_{2}$ and $O_{3}$, respectively (Figures S1 and S2).

![Shapes of the concentration--response relationship between atrial fibrillation, ${PM}_{2.5}$ and $O_{x}$. Gray area represents the 95% confidence interval (CI). Fully adjusted model, stratified by an indicator for living in the Greater Toronto Area or not, and adjusted for age, sex, area-level socioeconomic status (education, recent immigrants, unemployment rate, and income quintile), urban/rural area, and northern/southern Ontario.](ehp-127-087009-g0003){#f3}

![Shapes of the concentration--response relationships between stroke, ${PM}_{2.5}$ and $O_{x}$. Gray area represents the 95% confidence interval (CI). Fully adjusted model, stratified by an indicator for living in the Greater Toronto Area or not, and adjusted for age, sex, area-level socioeconomic status (education, recent immigrants, unemployment rate, and income quintile), urban/rural area, and northern/southern Ontario.](ehp-127-087009-g0004){#f4}

In view of some evidence of nonlinear associations between past exposures to air pollution and the incidence of AF and stroke in our cohorts, we provide an alternative description of the pollutant--disease relationships using the ensemble estimates of the HRs from all nonlinear models examined (Table S7). We compared the HRs of highest with the lowest concentrations in each quartile of air pollution concentrations. For example, for the ${PM}_{2.5}$-AF relationship, we compared the 25th with first percentiles (6.5 vs. $3{.4\;\mu g/m}^{3}$) in the lowest quartile, median with 25th percentile (8.7 vs. $6.{5\;\mu g/m}^{3}$) in the second quartile, 75th percentile with median (10.6 vs. $8{.7\;\mu g/m}^{3}$) in the third quartile, and 99th with 75th percentiles (14.6 vs. $10.{6\;\mu g/m}^{3}$) in the highest quartile. We found that the incidence of AF increased with a HR (95% CI) of 1.00 (0.98, 1.02) in the lowest quartile, 1.00 (0.97, 1.03) in the second, 1.01 (0.97, 1.05) in the third, and 1.03 (0.98, 1.08) in the highest quartile of ${PM}_{2.5}$. Similarly, we found an increase in association with HR (95% CI) of 1.011 (0.981, 1.042), 1.005 (0.964, 1.048), 1.006 (0.960, 1.054), and 1.019 (0.969, 1.07) in each quartile, respectively of $O_{x}$. For stroke, we also observed that the incidence of stroke increased with ${PM}_{2.5}$ with HR (95% CI) of 1.03 (1.00, 1.07) in the lowest quartile, 1.02 (0.98, 1.07) in the second, 1.02 (0.98, 1.07) in the third and 1.04 (0.98, 1.10) in the highest quartile. We found a similar pattern of association using quintiles of exposures (Table S8).

Discussion {#s4}
==========

In this population-based cohort study in Ontario, Canada, we observed modest associations between AF incidence and long-term exposure to ${PM}_{2.5}$, and to a lesser degree, with ${NO}_{2}$, $O_{3}$, and $O_{x}$. We also found that all four pollutants were consistently associated with higher incidence of hospitalizations for stroke. All pollutants with the exception of ${NO}_{2}$ were more strongly associated with ischemic stroke than with hemorrhagic stroke. These results were robust to most sensitivity analyses, including further adjustments for comorbidities, proportion of visible minorities, and individual-level behavioral risk factors. Furthermore, we observed that individuals with lower income exhibited a heightened risk for developing AF and stroke as a result of ${PM}_{2.5}$ exposure.

To date, epidemiologic evidence on the potential effect of ambient air pollution on AF is scarce. A handful of time--series studies examined the short-term impact of air pollution on episodes of AF, and most have found that exposure to air pollution, particularly ${PM}_{2.5}$ and ${NO}_{2}$, is associated with an increased risk of AF ([@c10]; [@c45]; [@c46]; [@c51]; [@c65]). To our knowledge, only two cohort studies have examined the relationship with long-term exposure, and they reported inconsistent results ([@c52]; [@c79]). In a Swedish cohort study, Stockfelt et al. ([@c79]) reported no associations for ${PM}_{2.5}$ and ${PM}_{10}$ with AF incidence. In contrast, we found positive associations between the incidence of AF and multiple air pollutants, especially ${PM}_{2.5}$. This finding was consistent with existing evidence on the proarrhythmic effects of ${PM}_{2.5}$, which may trigger changes in autonomic tone and reduce heart rate variability, as shown in previous animal studies ([@c17]; [@c22]) and panel studies ([@c63]; [@c72]). In addition, a Danish cohort study showed an 8% higher incidence of AF (95% CI: 1.01, 1.14) for every $10{\text{-}\mu g/m}^{3}$ increase in ${NO}_{2}$ and a 16% higher risk of AF (95% CI: 1.02, 1.32) between the highest and the lowest quintiles of exposure to nitrogen oxides (${NO}_{x}$) ([@c52]). We also found that long-term exposures to ${NO}_{2}$ and $O_{3}$ were positively (albeit marginally) associated with AF. Although some emerging evidence has linked ${NO}_{2}$ and $O_{3}$ to short-term autonomic imbalance ([@c24]; [@c26]; [@c75]), more research is required on the possible proarrhythmic effects of air pollution.

In comparison with AF, there is converging epidemiological evidence on the effects of ${PM}_{2.5}$ on stroke. A recent review of 10 epidemiological studies on air pollution and incident stroke reported the pooled HRs for each $5{\text{-}\mu g/m}^{3}$ increment in ${PM}_{2.5}$ as 1.06 (95% CIs: 1.02, 1.11) ([@c69]). The positive association we found between ${PM}_{2.5}$ and incident stroke ($\text{HR}_{\text{IQR}}$ 1.05; 95% CI: 1.03, 1.07) further strengthens this evidence. Furthermore, we found that the shape of the ${PM}_{2.5}$-stroke relationship was near linear without any discernible threshold. This result suggests that the adverse effect of ${PM}_{2.5}$ on increasing stroke risk may exist even at very low concentrations. In contrast, less is known about the association between stroke incidence and gaseous pollutants (e.g., ${NO}_{2}$ and $O_{3}$). In a population-based study conducted in South Korea, the risk of hospitalization for stroke was found to be positively associated with ${NO}_{2}$ ($\text{HR}_{\text{IQR}}$ 2.65; 95% CI: 2.29, 3.06), but inversely associated with $O_{3}$ ($\text{HR}_{\text{IQR}}$ 0.60; 95% CI: 0.55, 0.65) ([@c35]). In another study conducted in Denmark, higher levels of ${NO}_{2}$ were associated with ischemic stroke ($\text{HR}_{\text{IQR}}$ 1.05; 95% CI: 0.99, 1.11), but not with hemorrhagic stroke ([@c1]). More recently, a cohort study from Stockholm County, Sweden, reported that traffic-related ${NO}_{x}$ exposure was associated with a HR of 1.16 (95% CI: 0.83, 1.61) per $20{\text{-}\mu g/m}^{3}$ increment for ischemic and hemorrhagic strokes combined ([@c38]). Furthermore, in the European Study of Cohorts for Air Pollution Effects (ESCAPE) study, the incidence of stroke was not linked to gaseous pollutants (${NO}_{2}$ and ${NO}_{x}$) ([@c76]). In our study, we found that exposures to ${NO}_{2}$ and $O_{3}$ were associated with a 4% to 5% increase in the risk of stroke over the IQR. The variability in results could be due to possible differences in outcome ascertainment; our study and some others ([@c1]; [@c35]; [@c38]) used first-recorded hospitalizations, whereas others used interviews and medical records ([@c76]).

For the first time, we investigated the possible combined oxidative effects of ${NO}_{2}$ and $O_{3}$ ($O_{x}$) from long-term exposure. Ambient ${NO}_{2}$ and $O_{3}$ are known to exert adverse health effects by generating reactive oxygen species, which then trigger oxidative stress in the cardiovascular system ([@c14]; [@c24]; [@c30]; [@c75]). Although individual ${NO}_{2}$ and $O_{3}$ have been used extensively in epidemiological studies as the main oxidative pollutants, the impact of their combined oxidant capacity remains less clear. Though several studies have considered the effect of $O_{x}$ on acute health events, such as daily mortality, biomarkers of respiratory inflammation, and emergency department visits for myocardial infarction ([@c92]; [@c95]; [@c98]), no studies to date have examined its long-term impact. In the present study, we used a redox-weighted approach, combining ${NO}_{2}$ and $O_{3}$ to estimate $O_{x}$. We found that incident AF had a modest positive association with $O_{x}$ ($\text{HR}_{\text{IQR}}$ 1.01; 95% CI: 1.01, 1.02), whereas incident stroke was associated with a 5% higher risk per IQR increase in $O_{x}$ (95% CI: 1.04, 1.06). Our findings of a detrimental effect on stroke and AF from $O_{x}$ corroborate the role of oxidative stress from air pollution on cardiovascular health.

Given that individual effects of ${NO}_{2}$ and $O_{3}$ are difficult to separate by the complex chemical interrelationship, the weighted approach to measure oxidative capacity accounted for the chemical redox potentials and represented the total impact of these two gaseous pollutants on health through the oxidative stress mechanism. Thus, using $O_{x}$ as a single exposure metric may offer additional insights into the inextricable atmospheric chemistry in the ${NO}_{2}{\text{-}O}_{3}$ combination and its true impact on human health (particularly, AF and stroke in this study) than either ${NO}_{2}$ or $O_{3}$ alone. In addition, it has been shown that using $O_{x}$ may overcome the statistical limitations of collinearity, confounding, or differential measurement errors on the different exposures that may arise from assessing ${NO}_{2}$ and $O_{3}$ in multipollutant models in traditional epidemiologic studies ([@c101]; [@c102]). Given that few epidemiological studies have used $O_{x}$ as an exposure metric and only the short-term impact had been examined previously, more research is warranted to further consider $O_{x}$ to elucidate which metric(s) of common gaseous pollutants is most appropriate and relevant to health outcomes.

Contrary to the near-linear shape for the ${PM}_{2.5}$-stroke association, we found sublinear shapes for all other associations (${PM}_{2.5}\text{-\ AF}$, $O_{x}\text{-AF}$, and $O_{x}\text{-stroke}$), indicating population threshold concentrations below which an effect of air pollution on AF or stroke could not be detected. The steep curves beyond $25\text{ \ ppb}$ of $O_{x}$ for both stroke and AF suggest that continued efforts to reduce the annual average of $O_{x}$ below this level are warranted to reduce the detrimental cardiovascular effects of the combined oxidant capacity of ${NO}_{2}$ and $O_{3}$. Importantly, for stroke, we found a pronounced positive association of ${PM}_{2.5}$ at concentrations below the current Canada-wide standards and WHO guidelines for annual average of ${PM}_{2.5}$ ($1{0\;\mu g/m}^{3}$). These results collectively suggest that our efforts to maintain low concentrations of ${PM}_{2.5}$, even below the current WHO guidelines, could lead to tangible benefits in preventing AF and stroke, and the importance of considering the shapes of the pollutant--disease relationship when conducting health impact assessments of air pollution. Potential reasons for this finding of a population threshold may include biological damage to cardiovascular system at relatively high concentration levels to instigate a measurable oxidative stress response ([@c100]), or increased exposure measurement errors at low levels of $O_{3}$, given the relatively coarse resolution of the exposure surface.

Many experimental studies have examined the possible biological mechanisms for long-term exposure to pollution on cardiovascular health ([@c9]). Particularly, ${PM}_{2.5}$ through inhalation and translocation to the blood may trigger adverse effects on the vascular system, such as endothelial dysfunction and atherosclerosis, which may reduce the blood supply to the atrial tissues and affect the contraction of the atria ([@c9]; [@c28]; [@c33]). In addition, exposure to ${PM}_{2.5}$ and its deposition in the lung may lead to alterations in the autonomic nervous system, including induction of atrial electrophysiology changes ([@c45]; [@c60]). Several animal studies documented that exposure to concentrated ambient particles increased atherosclerotic plaque and temporary occlusion of coronary artery resulting in ischemia ([@c3]; [@c74]; [@c81]). Additionally, previous studies on air pollution and markers of cardiovascular health documented positive associations between ${NO}_{2}$ and fibrinogen, a procoagulant in plasma that may induce alveolar inflammation, and increased serum levels of inflammatory interleukin-6 (IL-6) ([@c5]; [@c58]). Other studies have linked $O_{3}$ exposure to increased venous thrombosis, platelet aggregation, thrombin generation, and biomarkers of systemic inflammation, such as IL-6 ([@c23]; [@c68]; [@c84]). These effects, implicated in the pathogenic pathways of cardiovascular diseases, may in turn elevate the risk of AF and stroke.

AF has previously been shown to be a potent risk factor for stroke due to clinical complications, including cardiac thrombus formation and systemic embolism ([@c99]). Despite this pathway and accumulating evidence on the increased risk of stroke from exposure to air pollution, little is known about whether the burden of air pollution-related AF contributes to the increased risk of stroke associated with air pollution exposures. In our study, we found a positive association between ambient air pollution exposure and AF and stroke, separately. Given these results, further research, especially studies using formal causal mediation analysis, on the possibility of AF as a potential mediator in the association between ambient air pollution and incidence of stroke is warranted, which will further elucidate the pathological mechanism of stroke and its relationship with AF.

Our study has some limitations. Using health administrative databases, we were only able to identify physician-diagnosed cases of stroke and AF, and therefore may have missed undiagnosed cases of both conditions. Ischemic and hemorrhagic stroke cases were identified by a first hospitalization, and AF cases by a first hospitalization, emergency department visit, or a physician claim, reflecting only the severe cases that required immediate medical attention. We also used the date of physician diagnosis of AF, which may not represent the exact time of onset. Moreover, given the episodic nature of paroxysmal AF, which terminates spontaneously or with intervention in less than seven days, we may have underestimated the true incidence rate of paroxysmal AF in Ontario. This possible underestimation likely attenuated our associations towards the null, given that misclassification of AF diagnosis was expected to be nondifferential across Ontario. In addition, the exclusion of prevalent AF and stroke cases at cohort inception might have led to an underestimation of the associations. Furthermore, we lacked information on individual-level lifestyle and behavioral risk factors, which may have led to residual confounding. To assess the influence of potential residual confounding, we further adjusted for comorbidities expected to be related to lifestyle behaviors. In addition, we conducted an indirect adjustment for these variables. Although our results remained robust to these sensitivity analyses, we could not completely rule out the possibility of some residual confounding. We also lacked information on exposure to air pollution other than where people lived, including exposures from occupation, commuting, and pollution originating in indoor sources. Thus, we were unable to precisely characterize cumulative exposures to ambient and indoor air pollution. This lack of precision may have further attenuated our effect estimates due to nondifferential misclassification in our area-based exposure assessment. Last, the relatively coarse resolution of the exposure surface of $O_{3}$ reduced our ability to capture the finer variation in $O_{3}$ exposures or the photochemical reactions $O_{3}$ forms with other pollutants, which may result in larger uncertainties in characterizing the association for AF and stroke. Given that our area-based exposure assessment was likely subject to nondifferential misclassification, these factors may have attenuated our effect estimates.

The study has notable strengths. To our knowledge, this is the largest epidemiological study to date to examine the impact of air pollution on the incidence of AF, an important risk factor for stroke and other cardiovascular consequences. We also used a large population-based cohort of Ontario with virtually complete 14-y follow-up. Given Ontario's universal access to physician care, potential for selection bias was minimized. In addition, using this large population-based cohort, we explored the shape of concentration--response relationships between common particulate and gaseous air pollutants and the incidence of AF and stroke. Furthermore, our study benefited from using $O_{x}$ as an exposure metric to examine the combined impact of exposures to ${NO}_{2}$ and $O_{3}$. We accounted for residential mobility by assigning exposures to the residential postal codes of all subjects for each year of follow-up, which reduced potential exposure misclassification. We also had access to a rich record of individual and area-level risk factors, such as individual health data and demographic characteristics, collected by health administrative databases, which allowed us to adjust for many important risk factors.

Conclusion {#s5}
==========

We found evidence of positive associations between long-term exposure to air pollution below the current standards, especially ${PM}_{2.5}$, and both stroke and AF. Our results highlight the importance of continuing to improve air quality, even in areas with relatively low concentrations such as Ontario, Canada.
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